Banded iron formations (BIFs) record a time of extensive Fe deposition in the Precambrian oceans, but the sources and pathways for metals in BIFs remain controversial. Here, we present Fe-and Nd-isotope data that indicate two sources of Fe for the large BIF units deposited 2.5 billion y ago. High-e Nd and -δ 56 Fe signatures in some BIF samples record a hydrothermal component, but correlated decreases in e Nd -and δ
56
Fe values reflect contributions from a continental component. The continental Fe source is best explained by Fe mobilization on the continental margin by microbial dissimilatory iron reduction (DIR) and confirms for the first time, to our knowledge, a microbially driven Fe shuttle for the largest BIFs on Earth. Detailed sampling at various scales shows that the proportions of hydrothermal and continental Fe sources were invariant over periods of 10 0 -10 3 y, indicating that there was no seasonal control, although Fe sources varied on longer timescales of 10 5 -10 6 y, suggesting a control by marine basin circulation. These results show that Fe sources and pathways for BIFs reflect the interplay between abiologic (hydrothermal) and biologic processes, where the latter reflects DIR that operated on a basin-wide scale in the Archean. (1, 2) , although direct riverine input of Fe has been questioned because of the low-detritus components in the large superior-type BIFs (3) . The discovery of midocean ridge (MOR) hydrothermal systems in the 1970s and the similarity of certain rare earth element (REE) signatures (e.g., positive Eu anomaly) between BIFs and MOR hydrothermal fluids led to a commonly accepted model, where BIFs were formed by oxidation of hydrothermally sourced aqueous Fe(II) (4) (5) (6) (7) (8) (9) . More recent work, particularly the combination of Nd isotopes and REEs, suggests a more complex origin for REEs in BIFs, where a significant component is sourced to the continents (10) (11) (12) (13) (14) . Interpretations of Fe sources for BIFs using REE patterns and Nd-isotope ratios are, however, based on the underlying assumption that REEs and Fe pathways were coupled during transport and deposition of materials for BIFs, although this assumption has not been independently tested.
Deposition of BIFs requires the ancient oceans to be sufficiently reduced to allow transport of large quantities of aqueous Fe(II) but additionally, allow an oxidizing step to form insoluble Fe(III) oxides/hydroxides, and this combination indicates that BIFs likely record a vigorous Fe redox cycle, which could induce significant Fe-isotope fractionation between ferric and ferrous phases or aqueous species (15) . The pathways by which Fe is deposited as BIFs have been studied in detail using stable Fe isotopes, but no consensus exists for explaining the wide range in measured δ 56 Fe values (−2.5‰ to +1.5‰). Some studies have interpreted the negative δ 56 Fe values of BIFs to reflect partial oxidation of hydrothermal Fe(II) (6, 16, 17) , whereas others have proposed that the negative δ 56 Fe values in BIFs reflect microbial dissimilatory iron reduction (DIR) in precursor BIF sediment before lithification (15, 18, 19) . Difficulties in models that invoke partial oxidation of hydrothermal Fe(II) include the fact that only small quantities of Fe that has low-δ 56 Fe values are produced by such a process, which is problematic for explaining Ferich rocks, such as BIFs. The DIR model may explain small-scale Fe-isotope variability in BIFs (20) , but local recycling of Fe by DIR cannot well explain the changes in δ 56 Fe values of BIFs on stratigraphic scales, unless a mechanism is found to transport large quantities of DIR-generated Fe on a basin-wide scale. An alternative mechanism to explain the low-δ 56 Fe values in Archean marine sedimentary rocks has been put forth by Severmann et al. (21) based on studies of microbially generated Fe in the modern Black Sea, where aqueous Fe(II) produced by DIR on the shelf is delivered to the deeper basin by an "iron shuttle", trapped as sulfide, and precipitated as low-δ 56 Fe pyrite. Although the benthic microbial Fe shuttle focused on the origin of pyrite in Archean shales (21) , it offers a possible model for explaining the low-δ 56 Fe superior-type BIFs. Here, we address the question of Fe sources and pathways for BIFs by combining stable Fe isotopes with radiogenic Nd isotopes as well as REE measurements to test proposals that Fe in BIFs was hydrothermally sourced as well as evaluate proposals that a DIR-generated iron shuttle was important in BIF genesis. Radiogenic Nd-isotope ratios are used, because they are a sensitive discriminant of continental vs. oceanic sources but are not fractionated during deposition or dissolution of Fe oxides. Analysis of the first combined Fe-Nd-isotope dataset for BIFs, to our knowledge, leads us to a dual-source model for Fe in BIFs, including a hydrothermal component that has mantle-like Fe-and Nd-isotope signatures and a continental component that contains crustal Nd and isotopically light Fe derived from microbial iron shuttle. Our results confirm the arguments in previous REE and Nd-isotope work (10-13) that the Precambrian oceans were dynamic, where oscillations of ancient ocean environments caused
Significance
Combined Fe-and Nd-isotope signatures suggest that banded iron formations (BIFs) contain a major component of continentally derived iron that was mobilized by microbial iron reduction followed by transport through an iron shuttle to the site of BIF formation in deep basin environments. This Fe source is in addition to the widely accepted submarine hydrothermal source of Fe in BIFs, and the two sources of Fe may be comparable in importance, although their proportions change over time dependent on basin-scale circulation. secular changes in mixing ratios between hydrothermal and continental components.
Samples and Isotopic Results
We focus on the Dales Gorge member of the 2.5-gigaanum (Ga) age Brockman Iron Formation (Hamersley Basin, Western Australia, Australia), the world's most extensive superior-type BIF that represents the climax of BIF deposition in the geologic record (6, 7) . The BIF samples analyzed in this study come from the type section diamond drill core for the Dales Gorge member (22, 23) (SI Appendix, Fig. S1 ). The depositional age of the Dales Gorge member is between 2.50 and 2.45 Ga (24) . The Dales Gorge member is ∼160-to 140-m thick, consisting of 17 ironrich, meter-scale macrobands and 16 shale macrobands, named BIF0-BIF16 and S1-S16, respectively (Fig. 1) , and preserved sections reflect deposition in deep water conditions. The meterscale, iron-rich macrobands are each composed of centimeterscale, iron-rich mesobands (Fig. 1) , which in turn, contain numerous submillimeter microbands (22) . Iron-isotope compositions were measured at various sample scales from bulk (∼300-mg samples) measurements on the same aliquot used for Nd and REE analysis by isotope dilution mass spectrometry for mesoband samples in different macrobands to in situ analysis of Fe-isotope ratios and REE contents using femtosecond laser ablation (20) for microbands (methods details are in Materials and Methods and SI Appendix). Measured Fe-and Nd-isotope compositions reveal a large variation in both isotope systems: from −0.83‰ to +1.30‰ in δ
56
Fe and −2.2 to +3.0 in e Nd ( Fig. 1 and SI Appendix, Table  S1 ). Between macrobands and within a macroband (e.g., BIF16), Fe-and Nd-isotope compositions oscillate over meter scales along the drill core ( 
Discussion
The spread in Nd-isotope compositions of the BIF samples cannot be explained by the effects of siliciclastic contamination or hydrothermal alteration/metamorphism. Aluminum contents measured on the same aliquot used for REE and Nd-isotope analysis are very low, generally less than 0.4 grams per 100 grams (wt.%) Al 2 O 3 (exceptions are two samples at 0.6 and 1.4 wt.%) (SI Appendix, Table S1 ), and there is no correlation between Al contents and Nd-isotope compositions, indicating that the negative e Nd -values do not reflect physical contamination with continental detritus. Previous Sm-Nd-isotope work on the Brockman Iron Formation suggested that secondary hydrothermal or metamorphic effects modified the Sm-Nd-isotope systematics after deposition (25) . It is difficult, however, to envision a process at 2. Nd reference isochron that corresponds to an age of 2.6 Ga (25), which is consistent with the depositional age, and a later metamorphic event should have affected both the Dales Gorge and the Marra Mamba BIFs.
Evidence against a homogenizing metamorphic event for the Dales Gorge member comes from in situ O-isotope analyses, which identified a substantial portion of low-δ 18 O primary iron oxides (hematite and low-Si magnetite), indicating insignificant or negligible resetting of O-isotope compositions in these minerals by hydrothermal or metamorphic events (20) . Some studies have 24 . The durations of BIF macroband 16 and the 7-cm drill core sample are estimated using a sedimentation rate of 50-63 m/Ma based on assuming that the finest scale banding (microbands) reflects annual or varve-like bands (SI Appendix, section 3); this assumption produces a sedimentation rate similar to that calculated using the total sediment thickness of a 50-My depositional interval.
argued for a secondary origin for hematite in some BIF samples based on petrographic evidence (26) , but a secondary origin is not consistent with O-isotope results. Nevertheless, to test the possibility that the Nd-isotope compositions measured in the BIFs reflect a high-Nd secondary hydrothermal/metamorphic component, which has high-δ 18 O values (20, 23) , in situ REE analysis was performed and shows that the REE contents of hydrothermal or metamorphic magnetite are very low compared with low-δ 18 O primary iron oxides (typically <0.3 vs. ∼1 ppm Nd) (SI Appendix, Fig. S6 ). Previous Nd-isotope studies of BIFs have not shown the fine-scale distribution of REEs in oxide-facies BIFs tied to in situ O-isotope measurements on different oxide generations, but the results obtained here and the arguments above indicate that the measured Nd-isotope compositions and REE contents represent the most primary low-temperature hematite and magnetite in the samples. Such a finding is critical for inferring seawater Nd-isotope signals in BIFs. As will be shown below, the 143 Nd/ 144 Nd-147 Sm/ 144 Nd correlation that led Alibert and McCulloch (25) to infer a 2.1-Ga age is, in fact, a mixing line between distinct Nd components.
Coupling of Nd and Fe Isotopes in BIFs. The large range in e Ndvalues suggests mixing between a low-e Nd continental source and a high-e Nd mantle source for the REEs (27) . The key question, however, is whether there was coupling between Nd and Fe or whether there was two end-member mixing for Fe as well; e Nd -δ
56
Fe variations provide a test of the hypotheses that Fe was solely supplied from hydrothermal sources (4-7) and that the low-δ 56 Fe values in BIFs are best explained by progressive partial oxidation of hydrothermal fluids (6, 16, 17) . The relative slopes of e Nd -δ 56 Fe variations (Fig. 2) are a function of the partition coefficients (K d ) for the REEs in iron oxides (28, 29) as well as the contrast in Nd-isotope compositions of the hydrothermal plume relative to the ambient ocean that had a continental Ndisotope signature (30) .
We assume a modest Δ
Fe Fe(OH)3-Fe(II)aq fractionation factor of +1.5‰, a hydrothermal fluid end member of δ 56 Fe = 0‰, shows that Nd contents of the hydrothermal plume will be rapidly depleted, such that mixing with ambient seawater will move the hydrothermal precipitates horizontally to the left in Fig. 2, failing to (34, 36) .
Given the difficulty in producing the low-e Nd and -δ 56 Fe end member through precipitation from a hydrothermal plume and direct oxidation of dissolved riverine runoffs, a process is required to actively pump low-δ 56 Fe Fe(II) aq into the Archean oceans from continental sources. Microbial DIR in coastal sediments is a mechanism that can release significant quantities of isotopically light Fe(II) aq to the oceans (15, 37, 38) , and the model by Severmann et al. (21) for explaining low-δ 56 Fe sedimentary pyrite by a DIR-driven Fe shuttle can be tested for its applicability to the Dales Gorge BIF based on the correlation between e Nd -and δ
Fe values as well as Sm/Nd ratios. Support for a DIR shuttle as the source of the low-e Nd and -δ 56 Fe component in the 2.5-Ga BIFs of this study comes from e Nd -Sm/Nd relations (Fig. 3) . Microbial dissolution of iron hydroxides in modern marine sediments is accompanied by significant REE fractionation, where Fe(II)-rich pore waters contain significantly higher Sm/Nd ratios than bulk sediments (39) , and this relation matches that seen for Sm/Nd ratios of the low-e Nd continental component relative to Sm/Nd ratios for Archean shales (Fig. 3) . Importantly, Eu is preferentially mobilized during microbial diagenesis in marine sediments, producing positive Eu anomalies in pore fluids relative to bulk sediments (32, 40) and implying that the positive Eu anomaly may not be a unique indicator for a hydrothermal source for BIFs as previously thought (4, 5, 41) . For the hydrothermal component, e Nd -Sm/Nd relations indicate low Sm/Nd ratios (Fig. 3) , which likely reflect the effect of Fe(III) hydroxide precipitation given the fact that both laboratory experiments and field studies have shown that adsorption to particulate Fe(III) hydroxide fractionates REEs and that Sm is more strongly adsorbed onto Fe(III) particulates than Nd (28, 42) , decreasing the Sm/Nd ratio in the remaining solution (Fig.  3) . In short, the observed REE data (Eu anomaly and Sm/Nd ratio) are consistent with the proposed mixing model between two end members with fractionated REE signatures; this proposal may be tested through additional REE analysis, including Y determinations, although such an approach was not possible in this study because of measurement of the REEs by the isotope dilution method on the same aliquot measured for Fe and Nd isotopes.
Synthesizing the Nd-and Fe-isotope data and REE signatures, we propose a dual-source model for BIF genesis (Fig. 4C) , where biologically recycled continental Fe and hydrothermal Fe from MOR systems both contributed as sources to BIFs. In the coastal region, Fe was sourced to continental runoff, and oxidation of aqueous Fe(II) produced Fe(III) oxyhydroxides that settled in a proximal continental shelf setting. Meanwhile, detritus and colloids brought by runoffs were efficiently removed by gravity settling and salt-induced coagulation (ref. 32 and references therein). Oxidation of riverine Fe(II) could have occurred through either oxygenic photosynthesis or Fe(II)-oxidizing, anoxygenic phototrophs (43, 44) . Primary production of organic C and riverine supply of nutrients, such as P, along with Fe(III) oxyhydroxides would support DIR (45) in the proximal continental shelf. Export of Fe to the deep basin by a microbial Fe shuttle occurred at least initially through aqueous Fe(II) generated by DIR, and remobilization of the REEs by DIR-induced dissolution of Fe(III) oxyhydroxides produced the positive Eu anomalies and high Sm/Nd ratios that are characteristic of the low-e Nd and -δ 56 Fe component (Fig. 4C) . These components ultimately mixed with diluted hydrothermal fluids that were sourced to the open ocean at different proportions, reoxidized (presumably in the photic zone), and precipitated as BIF precursors (Fig. 4C) . Our model differs from the commonly held view that MOR hydrothermal fluids are the sole Fe source for BIFs (Fig. 4B) , which cannot explain the spread in e Nd and coupling of Fe-and Nd-isotope compositions. Our model also differs from the early hypothesis that BIFs were formed by direct precipitation of continental Fe brought to the oceans through riverine inputs (Fig. 4A) , which cannot explain the low-δ 56 Fe values and e Nd -Sm/Nd relations in the BIF samples analyzed here. In addition, the DIR mechanism in the dualsource model decouples the continental isotopic signal from siliciclastic debris by mobilization by DIR and hence, also addresses the issue of low detrital contents in BIFs that have continental Nd isotopic signatures.
The DIR-driven Fe shuttle, which transports low-δ 56 Fe iron to the deeper parts of the basin, should produce a complementary high-δ basin are consistent with the geographic trends expected for a DIR-driven Fe shuttle.
Implications for Archean Ocean Environments. The range and distribution of e Nd -values in the BIF samples (Fig. 3) suggest that the amount of continental Fe recycled by DIR processes was comparable with the amount of Fe provided by MOR hydrothermal activity in the ocean at 2.5 Ga, at least for the BIFs in the Hamersley Group. To fuel such large-scale Fe recycling by DIR, a high primary productivity was required to generate sufficient amounts of organic carbon in coastal sediments (45) . Identification of biologically recycled continental Fe as a major component in BIFs, therefore, attests to a vigorous microbial ecosystem in the late Archean ocean, where both Fe(II)-oxidizing and Fe(III)-reducing microbes thrived in the water column and soft sediment, respectively (43, 44 ). An active role for large-scale transport of Fe by DIR during BIF genesis at 2.5 Ga reflects relatively low-oxygen and -sulfide contents in the majority of the water column at this time, allowing transport of Fe as aqueous Fe(II), which would not be possible in the presence of high dissolved sulfide. Moreover, a major role for DIR in marine ecosystems at this time is consistent with the deeply rooted nature of Fe reduction metabolisms based on molecular phylogeny (46) .
Demonstration of the dual sources of Fe for BIFs, one hydrothermal and one DIR-driven Fe shuttle from continental shelves, raises the question of the timescales over which such sources could have operated. It has been proposed, for example, that Fe(III) oxides in BIFs may be produced by photosynthetic oxidation of Fe(II) aq (44, 47) , which in turn, might indicate seasonal variations that correlate with light intensity. At the smallest scale of banding, the submillimeter microbands that have been interpreted to represent annual varve-like layers (48, 49) , in situ Fe-isotope analyses in this study show relatively small variation over timescales of ∼10 3 y (Fig. 1) . These results suggest that the DIR-driven Fe shuttle did not respond to seasonal changes in photosynthetic primary productivity, such as the amount of organic carbon production, at least from the perspective of the site of BIF deposition for the samples studied here. In contrast, at the scale of individual macrobands, which represent periods of ∼10 5 y, Fe sources were clearly variable, as shown, for example, by macrosampling of BIF16 (Fig. 1) . Over the ∼50-My period represented by the entire Dales Gorge member (24) , the balance between hydrothermal and continental DIR Fe sources also varied (Fig. 1) . We conclude that the relative proportions of DIR and hydrothermal Fe sources recorded in BIF deposition were controlled by long-timescale changes that reflect variability in basin-wide circulation changes on the order of 10 5 -10 6 y. It is possible that basin-wide sampling transects might record different scales of isotopic variability depending on conditions that affected the proportion of DIR-and hydrothermally sourced Fe. Nevertheless, the combined Fe-and Nd-isotope analysis indicates that BIFs formed from two sources of Fe and that an active DIR-driven Fe shuttle was operating at 2.5 Ga.
Materials and Methods
Small chips (typically 200-500 mg) were cut from the diamond drill core DDH-47A for bulk rock analyses. Sample digestion and ion exchange chromatography were performed using doubly distilled acids in a clean chemistry room. Bulk rock Neodymium isotope compositions were measured using a VG Instruments Sector 54 Thermal Ionization Mass Spectrometer. Bulk rock REEs were determined by isotope dilution mass spectrometry (IDMS) using a Micromass IsoProbe multi-collector inductively-coupled plasma mass spectrometer (MC-ICP-MS). Iron-isotope measurements were conducted using a Micromass IsoProbe MC-ICP-MS and an Aridus Desolvating Nebulizer with standard-sample-standard bracketing method (19) ; the external long-term reproducibility (2 SD) for δ 56 Fe measurements using this method is ±0.08‰.
Centimeter-or subcentimeter-sized samples were cut from the diamond drill core DDH-47A and were embedded into 1-in-round epoxy plugs for in situ Fe-isotope and REE analyses. In situ analyses were done based on detailed back scattered electron (BSE) images (SI Appendix, Fig. S2 ). In situ Fe-isotope analysis was done using a femtosecond laser ablation (fs-LA) MC-ICP-MS system that consists of a femtosecond source laser that produces an output 266-nm beam, a Photon-Machines Beam-Delivery System, a PhotonMachines HelEX Ablation Cell, and a Micromass IsoProbe MC-ICP-MS (20) . A standard-sample-standard bracketing method was used for mass bias and instrument drift correction. A magnetite in-house standard and a hematite in-house standard were used as the matrix-matching standards for fs-LA Fe-isotope analysis. External precision (reproducibility) of the fs-LA analysis was better than ±0.2‰ (2 SD) in δ 56 Fe (20) . In situ REE analysis was done using a system that consists of a Photon-Machines femtosecond laser and an Nu Plasma II MC-ICP-MS with multiple ion counting settings. More detailed explanations of the methods can be found in SI Appendix, section 2.
